Layers of silver particles are used in the studies on pathophysiology and treatment of diseases, both in pre-clinical and clinical conditions. Silver layers can be formed using different techniques and on different substrates. Deposition by magnetron sputtering on glass beads was used in this study. Silver absorption by the body was estimated by calculating the difference in thickness of the silver nanolayer deposited on a bead and measured before and after application of the bead in an animal model of gastrointestinal inflammation. Recommendations for the minimal thickness of silver nanolayer deposited on glass beads were worked out for further studies.
Introduction
The size of Nanosilver Particles (NSPs) is generally between 1 and 100 nm in at least one dimension. The increase of surface area-to-volume ratio of such particles accompanied with the decrease of their size can lead to significant changes of their physical, chemical, and biological properties. NSPs are more and more often used in biomedical applications, because of their antibacterial, antifungal, antiviral, and anti-inflammatory activity [1] .
Studies on the properties of nanosilver can be carried out using human or animal cells [1] , like human peripheral blood mononuclear cells, human alveolar epithelial cell line (A549), human osteoblast cell line, murine and human alveolar macrophage cell line, mouse germline cells, mouse fibroblasts (L929) and rat liver cell line [1] . Research can also be carried out in animal models involving mice and rats [2] , or simple model organisms such as Caenorhabditis Elegans [3] [4] .
There are only a few papers describing the impact of silver or nanosilver on the digestive system and the use of this metal for Gastrointestinal (GI) diseases. For example, it has been stated in [5] that in physiological conditions nearly 10-20% of the ingested silver metal is absorbed in the GI tract, particularly in the duodenum and small intestine. To examine the GI diseases, mice are often used as the model of choice. The main challenge during the studies of mouse models is introducing a needed dose of silver or nanosilver into the GI tract.
Here, the authors propose the use of small, borosilicate glass beads (about 1 mm in diameter) with layers of silver deposited by magnetron sputtering. The beads coated with silver nanolayer may enable delivering a precise dose of this metal in time and space, depending on the nanolayer diameter and composition (additives). The aim of the study was thus to validate the methods of: 1) silver nanolayer deposition and 2) estimation of silver absorption by the body from coated beads in mice being experimentally induced with GI inflammation. The use of silver in GI inflammation has not been so far examined and -if the silver nanolayer deposition proves successful and further studies show its potential anti-inflammatory effect in the inflamed colon -a new therapeutic approach will be ready for clinical trials.
Materials and methods

Theory concerning measurement of nanolayer thickness
One of the frequently used methods of thin film thickness determination is the X-ray Rreflectivity (XRR) [6] [7] . This is a non-destructive procedure, which enables to determine the film thickness with the angstrom resolution [6] . In the XRR method, the recorded diffraction peaks are correlated with the thickness of the examined layer. The other often used methods are: scanning force microscopy [8] , atomic force microscopy [9] and ellipsometry [10] .
There is also a limited number of techniques with a sufficient depth resolution to provide composition profiling within a few nanometers from the surface. The most commonly known are: Transmission Electron Microscopy (TEM) combined with electron dispersive spectroscopy and/or Electron Energy Loss Spectroscopy (EELS) [11] ; nuclear techniques such as highresolution Rutherford Backscattering Spectrometry (HR-RBS) [12] , Medium Energy Ion Scattering (MEIS) [13] or Elastic Recoil Detection (ERD) [14] ; Time-of-Flight (TOF), Secondary Ion Mass Spectroscopy (SIMS) [15] and Angle-Resolved X-ray Photoelectron Spectroscopy (ARXPS) [12, [16] [17] [18] .
In addition to the accurate depth resolution and the capability to quantify results, the best technique should be reasonably widespread and routinely available, which limits the use of nuclear analysis techniques. Although SIMS techniques have good nanometer scale profiling capabilities for SiON thin films [19, 20] , it was also found that most of the high-k profiles obtained by sputter depth profiling were plagued by ion beam sputtering artefacts [21] [22] [23] .
Thus, a non-sputtering method like ARXPS, whereby the depth information is based on the depth dependent signal attenuation, may appear a better candidate for thin film composition profiling. However, the latter requires a complex data reconstruction algorithm whose validity and uniqueness of results is still debated [24] , and where the potential method limitations even for simple systems such as SiON [25] have been indicated.
Notwithstanding these considerations, ARXPS reconstructed depth profiles have already been applied to many different systems with various successes [18] .
In the present study, a Transmission Electron Microscope for cross-section observation to determine the thickness of nanolayers was used [26].
Theory concerning estimation of silver nanolayer absorption by the body
Estimation of silver nanolayer absorption by the body in the mouse model was accomplished under the assumption that all mice used during the examination can have a very similar absorption. The assumed measure of absorption is the ratio A of the volume V of worn silver to the average time aver t of residence in the mouse body, according to (1):
The volume V of worn silver is calculated from (2): V is the volume of bead with silver nanolayer in the mouse body after treatment; 1 V is the volume of bead with silver nanolayer in the mouse body before treatment; d -the bead diameter with silver nanolayer in the mouse body after treatment; h -the estimated thickness of worn silver nanolayer.
The error of calculation of silver absorption by the body can be estimated from (3):
where:
-the error of silver nanolayer thickness estimation;
-the error of diameter measurement.
The average time aver t of residence in the mouse body is assumed to be equal to 12h, according to the procedure of in-mouse treatment, described further.
The estimation of thickness h of worn silver nanolayer is based on the obtained images of bead cross-sections. The layer thickness is placed between two straight border lines: the upper and bottom ones. The positions of such border lines are estimated as follows: in the interfaces between the silver nanolayer and surrounding air and between the silver nanolayer and its substrate there are some discontinuities, visible in the images in the form of white, gray and black areas. Such discontinuities are due to the occurrence of different materials and possible cracks grains. A straight line in the image is divided by pixels into N parts. These parts can be classified into three groups, according to the colour parameter of a pixel crossed by the straight line. Let the number k means the number of group, where 1 = k for the white area, 2 = k for the grey area and 
This means that both straight border lines should contain at least 95% areas of silver nanolayer. This is obtained numerically.
Sample preparation
Borosilicate glass beads with the diameter from 850 to 1400 µm were placed in a special holder in the magnetron sputtering unit. The holder enables uniform mixing of glass beads during silver layer deposition. For deposition, a simple magnetron sputtering method using a standard 2'' magnetron sputtering gun equipped with a pure silver (4N) target was chosen. The actual weight of glass beads per each deposition was set to about 0.5 g. After reaching the base pressure of 5x10 -3 Pa in the vacuum chamber, pure argon (5N) was compressed to the working pressure of 0. Gun (FEG), high resolution Gatan UltraScan and wide angle SIS Megaview cameras, an HAADF detector intended for the Scanning-Transmission Technique (STEM), an EDAX Xray spectrometer for analysis of the chemical composition. FEI FIB-Quanta 3D is a "dual beam" Scanning Electron Microscope (SEM) that is also equipped with a Focused Ion Beam (FIB). These SEM functions enable microscopic observations of an examined sample, while the FIB functions enable cutting it. This FEG-SEM-FIB has an Omniprobe for TEM sample preparation. An SDD EDS analyzes elemental chemistry of the sample. In addition, an Electron Backscattered Diffraction System (EBSD) collects the crystallography information from the sample. Using these capabilities together enables learning about, or modifying, the sample's three dimensional (3D) structure and chemistry. It also has a plug in STEM and backscatter detectors, as well as environmental SEM capability.
A similar technique was used for the samples after the time of the beads residing in the mouse gastrointestinal system.
Mouse model of colonic inflammation and treatment with silver-coated glass beads
Male balbC mice weighing 22-25 g were used throughout the study. On Day 0, the animals were randomly divided into three experimental groups (n = 6-8 animals per group): 1) noninflamed controls; 2) inflamed controls and 3. inflamed mice treated with silver-coated glass beads. Colonic inflammation was induced on Day 0 by intracolonic (i.c.) administering Trinitrobenzenesulfonic Acid (TNBS), as described previously in [27] . The mice from experimental group #3 were treated with silver-coated glass beads (5 beads/animal, i.c., twice daily) between Day 3 and Day 6. On Day 7, all animals were euthanized and inflammation score was assessed, as described previously in [27] . Briefly, the colon was removed, opened longitudinally, rinsed with Phosphate Buffered Saline (PBS), and immediately examined. The macroscopic colonic damage was assessed with an established semi-quantitative scoring system by adding individual scores for ulcer, colonic shortening, wall thickness, and presence of hemorrhage, fecal blood, and diarrhea. For scoring ulcer and colonic shortening the following scale was used: ulcer -0.5 points for each 0.5 cm; shortening of the colon: 1 point for >15%, 2 points for >25% (based on a mean length of the colon in untreated mice). The wall thickness was measured in mm: a thickness of n mm corresponds to n scoring points. The presence of hemorrhage, fecal blood, or diarrhea increased the score by 1 point for each additional feature. Figure 1 shows the view of one arbitrarily chosen bead after deposition of the Ag layer made using Secondary Electrons (SE). In Fig. 2 ., the surface arrangement of the elements present in the studied system is shown. The chemical composition is shown in Table 1 . Table 1 . The chemical composition of the bead from Fig. 2 and Fig. 3 revealed with the EDS method.
Results
SEM/EDS mapping
Carbon and oxygen were removed from analysis due to low sensitivity of EDS methods. Figure 3 shows the microstructure of glass beads after application in the mouse gastrointestinal tract. Table 1 shows the chemical composition of in-mouse-treated surface. Table 1 it is clearly seen that the silver coating is rather thin because the signal of silicon, sodium, calcium and aluminium from the glass substrate is very strong (up to 60% of the sum of signals). Moreover, the silver coating contains sulphur, what is a common phenomenon when silver is stored in the air atmosphere. The maps of element distribution show a discontinuity of the deposited coating. It may suggest a low level of adhesion of the silver layer to the glass bead.
In Fig. 6 a STEM Image of the Ag layer after its application in the animal model is presented. The chemical analysis pattern of point 1 from Fig. 6 has been shown in Fig. 7 . TEM analysis of cross-section accomplished with the FIB method reveals the real thickness of the silver layer. It was estimated to be about 230 ± 30nm for the deposited coating and about 180 ± 30 nm for the in-mouse treated surface.
Estimation of silver absorption by the body
The value of silver absorption by the body is obtained using (1) and (2) . The sample values, for different bead diameters, are presented in Table 2 . The relative error for estimation of silver absorption by the body is relatively high (62%); therefore such estimation can be treated as coarse. 3.4. Colonic inflammation in mice reduced by silver-coated glass beads
The i.c. administering TNBS in mice induced severe colonic inflammation, as shown by the increased total macroscopic score, ulceration of the intestinal wall and myeloperoxidase activity, compared with the control animals. The treatment with silver-coated glass beads significantly decreased the macroscopic score (2.12 ± 0.27 vs. 5.62 ± 1.01 for TNBS-alone treated mice, *p < 0.05) and clinical parameters of colonic inflammation. The antiinflammatory effect of the treatment with silver-coated glass beads was confirmed by histopathological analysis of the intestinal tissues.
Discussion
The surface of silver nanolayer on the beads excreted from mice was more lustrous than on the beads before introducing them into the mouse gastrointestinal tract. This indirectly indicates interactions between nutritional juice and/or the mouse tissues and the silver layer. The increase of sulphur content in the in-mouse-treated silver nanolayer can be due to food remains in the gastric system.
The estimated minimum thickness of the silver nanolayer that enables to estimate the intensity of interaction between silver and nutritional juices and / or the mouse tissues is 50 nm. To the best of our knowledge, this is the first report that validates this value in conditions applied throughout the study.
Conclusions
The minimum thickness of silver nanolayer deposited on glass beads used in the animal models of gastric diseases should be higher than 50 nm. The sulphur content in the in-mousetreated silver nanolayer can increase due to food remains in the gastric system.
